Minute virus of mice (MVM) is a single-stranded DNA-containing, murine parvovirus whose capsid is built of 60 icosahedrally-related polypeptide chains, each of which consists of the C-terminal region common to two structural proteins, VP1 and VP2. In infectious virions, most VP2 molecules are cleaved to VP3 by removal of about 25 amino acids from the N-terminus. Of the 587 amino acids in VP2, approximately half are identical to those in the analogous capsid protein of the antigenically-distinct canine parvovirus (CPV), the crystal structure of which has previously been determined.
Introduction
Minute virus of mice (MVM) is a member of the parvovirus family of small animal viruses which package their 5.5 kilobase single-stranded DNA genome within non-enveloped, T = 1 [1] icosahedral capsids. Parvoviral particles have an approximate maximum external radius of 140 Å and a molecular weight of about 4.2 × 10 6 . Particles of MVM contain a total of 60 individual polypeptide chains which fall into three size classes, designated VP1, VP2 and VP3. There are about nine VP1 subunits per particle, the balance being made up of VP2s in capsids lacking DNA (empty capsids) or a mixture of VP2s and VP3s in full virions [2] . The dominant capsid protein, VP2, is the C-terminal 64 kDa region of the 83 kDa VP1 polypeptide. In DNA-containing particles, many VP2 proteins undergo cleavage during entry into the host cell, which removes approximately twenty residues from their N-termini, to generate VP3 proteins [3] [4] [5] . This cleavage can be mimicked in vitro using trypsin, although peptide mapping indicates that the in vitro tryptic cleavage site may not be the natural cleavage site in MVM [4] . The Nterminal cleavage of VP2 occurs in full particles only, suggesting that the introduction of DNA into the particle allows the N-terminus of VP2 to be externalized. Although the same amino acid sequence that is cleaved in VP2 is also present in VP1, the latter polypeptide does not appear to be cleaved at this position in either type of particle, in vivo or in vitro.
The three-dimensional structures of full and empty particles of canine parvovirus (CPV) [6] [7] [8] and empty particles of feline panleukopenia virus (FPV) [9] , which, like MVM, are members of the same genus of autonomously replicating parvoviruses, have been determined to atomic resolution using X-ray crystallography. The 60 subunits of the parvoviral capsids contain the same eight-stranded (designated with letters B through I), antiparallel, β-barrel motif found in most other viral capsid structures [10] . The β-barrel forms much of the contiguous shell of the capsid, although it makes up only one-third of the amino acid content of the capsid proteins. The remaining two-thirds of the capsid subunit structure is composed of very large insertions between the strands of the β-barrel.
The largest insertion loop consists of 217 amino acids between strands G and H, forming part of the 22 Å-long, 70 Å-diameter spike protrusions at the icosahedral threefold axes.
An insertion between the D and E strands forms an antiparallel β-ribbon, which, together with similar insertions in four other fivefold-related polypeptides, forms a cylindrical structure about the icosahedral fivefold axes. Density observed within the channel, created by the fivefold cylindrical structures, suggests that the N-termini of some VP2 or VP1 molecules (one in five) can be externalized through this channel. This observation is consistent with the ability to cleave the N-terminus of VP2 to form VP3 in assembled DNA-containing particles and with the externalization of the unique part of VP1 as shown by antibody precipitation. There is a 15 Å canyon-like depression circulating around each of the fivefold axes and a dimple-like depression at the twofold axes.
Host cell differentiation between viruses might occur at various stages of the viral life cycle, including cell receptor attachment, viral entry, uncoating, DNA replication or transcription. Replication of autonomous parvoviruses is dependent upon cellular factors that are transiently expressed during the S phase of the cell cycle and also upon the differentiated state of the host cell [11] [12] [13] [14] . Different strains of MVM show distinguishing pathological effects in vivo and have differing target cell specificity in vitro [11,14-17]. The prototype strain, MVMp, grows in fibroblasts, while the immunosuppressive strain, MVMi, productively infects erythroid progenitors [15] and T lymphocytes. The two allotropic strains, MVMp and MVMi, have been used as models 6 for studying the molecular mechanism of parvoviral tropism. These viruses are 97% identical at the nucleotide level, differ by only 14 amino acids in their capsid proteins (Table 1a) and are indistinguishable by neutralization with polyclonal antisera [18] . The restriction in tissue tropism between the two MVM strains is not due to a requirement for different cell surface receptors because MVM virions compete for, and bind to, the same cell surface receptor [14] . Hybrid cell lines, generated by fusion between fibroblasts and T lymphocytes, are permissive for both strains of MVM, suggesting that the block in the restrictive cells is due to lack of a differentiation-dependent cellular factor, which is virus strain specific [14, 18] . The initial cell recognition appears to be followed by specific interactions with differentiation-dependent intracellular factors in the permissive host cell [19] .
MVM tissue tropism has been shown to be primarily mediated by the viral capsid [18] and is, in part, determined by residues 317 317 317 317 1 and 321 321 321 321 in VP2 ("the allotropic determinants") [20, 21] , although a few copies of VP1 of either strain need to be present to obtain infection [22] . When these residues are alanine and glutamic acid, respectively, the virus exhibits lymphotropism; while when they are threonine and glycine, the virus is fibrotropic [20] . If any one of the residues are altered, there may result an extended host range mutant, allowing the virus to grow in both fibroblasts and T lymphocytes (Table 1b) around the edges of the twofold dimple-like depression [9] . Thus, the twofold dimple has been postulated as a possible site of interaction with cellular factors that determine host range and tissue tropism.
Regions of partially ordered nucleic acid have been reported for a number of viruses. DNA-containing particles of CPV have at least eleven icosahedrally-ordered DNA bases [6] . In CPV, the nucleotide bases form the majority of contacts with the capsid protein and were interpreted to have a slight preference for specific nucleotides in some of the individual binding sites [29] . This sequence specificity of DNA-protein interaction was suggested to be the basis of viral genome recognition during [6, 9] , include protrusions at the icosahedral threefold axes, dimple-like depressions at the icosahedral twofold axes and canyon-like regions around the fivefold axes (Fig. 3 ).
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The largest differences in C α positions between MVM and CPV occur on the capsid surface around the icosahedral threefold axes and the regions surrounding the depressions at the icosahedral twofold and fivefold axes. The majority of the differences are associated with regions of amino acid insertions (six in total) and deletions (seven in total) in MVMi relative to CPV (Fig. 1) .
The first insertion in the MVMi sequence (residues 159 159 159 159-162 162 162 162) relative to CPV occurs, in the β-ribbons around the fivefold axes ( Fig. 1) , causing a change in topology which constricts the top of the cylindrical structures in MVMi relative to CPV (Fig. 4a) . CPV and FPV, termed the "hemagglutination" loop [9] (see below). This insertion is in a region associated with the largest structural differences between FPV and CPV.
The seven deletions in MVMi relative to CPV all occur on the viral surface. Two of the deletions (residues 320 and 366-368, dl5 and dl6 in Figure 1 ) are close to the allotropic determinants (residues 317 317 317 317 and 321 321 321 321) ( Fig. 4c ) and the hemagglutination loop, located on the wall of the icosahedral twofold dimple-like depression. Deletions at residues 300, 301 and 307 (dl3 and dl4 in Figure 1 ) remove a hydrophobic patch that forms part of an antigenic site and a host range determining region in CPV [41, 42] ( Fig. 4d) . The deletions at residues 300, 301, 307 and 515 result in proximal surface differences on the wall surrounding the canyon-like depression.
The conformational differences between MVMi and CPV in the vicinity of residues 388 388 388 388 to 391 391 391 391 can be attributed to the different properties of E384 E384 E384 E384 in MVMi compared to the equivalent residue K386 in CPV. Structural sensitivity to changes of amino acids in this region have previously been described for the host range and antigenic mutant of CPV, A300D [43] , and are also observed between CPV and FPV. b. N-terminal glycine-rich region and possible mechanisms for surface exposure
As was observed for CPV and FPV [6, 9] , there is density (height of 2.0σ) extending along the fivefold channels of the MVMi capsid. This was modeled as the polypeptide which still contains the glycine-rich sequence [47] . Since the two arginines (R19 R19 R19 R19 and R22 R22 R22 R22 in MVMi, and R16 and R19 in CPV) are the in vitro tryptic sites, then the current models for MVMi and CPV are consistent with the immediate accessibility of 12 these sites for one in five VP2 molecules at the exterior surface of the virion. The finding that most VP2 molecules can be cleaved in this way suggests a dynamic situation exists at the fivefold cylinder. In one model, the newly created N terminus of a VP3 molecule could withdraw into the virion after cleavage and be replaced at the surface by an uncleaved VP2 N terminus. This would be cleaved in turn, until most of the VP2 N termini, initially sequestered within the virion, are converted to VP3.
VP2 cleavage occurs in vivo during host cell entry. This process may be required for virion translocation across the plasma membrane [47] . The externalization of the amino termini of VP2 may be analogous to the externalization of the minor capsid protein, VP4, of picornaviruses after virus attachment and during uncoating, which has also been suggested to occur through the fivefold β-cylinder [48] . Immunoprecipitation studies of MVMi have shown that, after limited heating, full virions, but not empty capsids, can be precipitated using antibodies raised against peptides from the VP1 unique region, which is normally sequestered within the virion, and that this transition occurs without substantial rearrangement of the rest of the viral shell [49] . This dynamic flexibility is also consistent with that found in the externalization of VP4 and the aminoterminal end of VP1 in the picornaviruses [50, 51] and the insect Flock House virus [52] .
c. Hemagglutination dependence on pH CPV is able to hemagglutinate Rhesus monkey erythrocytes at all pHs, while FPV hemagglutinates only when the pH is less than 6.2. The largest structural differences between CPV and FPV [9] , both determined at pH 7.5, occur in a surface loop between residues 356 and 375, although there are no amino acid differences in this loop. Not only does the loop have completely different conformations in these two viruses, but in CPV 13 the loop is more disordered than in FPV. Mutational analysis (Table 2a ) [27, 53] has shown that the hemagglutinating behavior is determined by residues 323, 375 and 377, all of which are positionally adjacent to the hemagglutinating loop. It has, therefore, been assumed that the CPV structure of the loop represents a conformation able to bind erythrocytes, while the FPV structure would be a non-hemagglutinating structure. These conclusions were questioned in a study of the structure of the CPV mutant A300D [43] in which the loop is FPV-like, but the hemagglutinating properties are CPV-like.
MVMi hemagglutinates erythrocytes under physiological conditions, and in this respect it is like CPV. However, the hemagglutination behavior of MVMi has not been investigated over a wide range of pH. The hemagglutination loop in MVMi is fairly well ordered and has a structure closer to, but not the same as, FPV than to CPV. Inspection of (Fig. 6) .
Thus, the residues that confer fibrotropism are on or near the surface of the particle, at the base of the threefold spike or in the twofold dimple-like depression (Fig.   6 ). This implies that the "allotropic" determinant is probably a surface feature on the assembled virion, possibly representing the binding site for a putative intracellular "receptor". The region on the capsid surface in which are clustered the MVM tissue tropic determinants overlaps with the positions of the amino acids that differentiate host cell specificity for CPV and FPV [9] .
Residues that participate in altering tissue tropism from the lymphotropic MVMi strain to the fibrotropic MVMp strain appear to create instability in the structure (Table   2b ; Fig. 7 ). The allotropic mutant A317T A317T A317T A317T would create a steric clash with T331 T331 T331 T331, and the allotropic mutant E321G E321G E321G E321G removes the counter charge to R368 R368 R368 R368 on the viral surface.
Similarly, the selected fibrotropic mutants D399G D399G D399G D399G or D399A D399A D399A D399A also remove a counter charge to R368 R368 R368 R368. The selected fibrotropic mutant S460A S460A S460A S460A removes a hydrogen bond to the surface residue E400 E400 E400 E400. These broken or strained interactions are across the boundary between abutting subunits in the capsid. Finally, the mutants D553N D553N D553N D553N and Y558H Y558H Y558H Y558H alter the surface charge within the area likely to be the site of interaction with a cellular factor.
While these changes are predicted to confer some instability on the fibrotropic virion, compared with that of MVMi, the fibrotropic coat might rather adopt a subtly alternative structure in this region, allowing it to engage a different intracellular receptor, expressed in fibroblasts rather than lymphocytes, required to facilitate a crucial step early in the viral life cycle. This possibility awaits solution of the structure of a fibrotropic host range switch mutant and its comparison with the present structure of the lymphotropic virus.
e. DNA structure A difference map between full and empty CPV particles showed a substantial amount of electron density in the interior of the particles [6] . This was interpreted in terms of eleven DNA nucleotides per icosahedral asymmetric unit chelated by two metal ions. Wu and Rossmann [54] had shown that the structured DNA causes small, but significant, conformational changes to the inside surface of the CPV capsid, representing a non-specific DNA-protein binding site. A difference map between full and empty MVMi particles showed substantially more density than was interpretable for CPV [40] .
The electron density map for the full MVMi particles was used to interpret the DNA structure. In this map, the average protein density and also the icosahedrally "well ordered" 23 DNA bases (Fig. 8 ) had a height of 3σ, and the "less ordered" 6 DNA bases had a height of around 1.5σ.
Two nucleic acid strands, A A A A (N1 N1 N1 N1-N14 N14 N14 N14) and B B B B (N15 N15 N15 N15-N23 N23 N23 N23), were built into well ordered density, while another strand, C C C C (N24 N24 N24 N24-N28 N28 N28 N28), and one unconnected nucleotide, N29 N29 N29 N29, were built into less ordered density (Fig. 8) . These 29 bases, taken together with the icosahedral symmetry-related bases, amount to 34% of the total genome. The ten contiguous nucleotides (N3 N3 N3 N3 to N12 N12 N12 N12) in strand A, A, A, A, and the 2 chelating metal ions, occur at equivalent positions to those observed in the CPV structure [29] . All of the additional 17 nucleotides built into the MVMi density correspond mostly to weaker density that was not interpretable for CPV. (N5 N5 N5  N5, N11  N11 N11  N11, N17  N17 N17  N17, N23  N23 N23  N23), (N6 N6 N6  N6, N19  N19 N19  N19, N20  N20 N20  N20), (N8 N8 N8  N8, N9  N9 N9  N9, N10  N10 N10  N10, N12  N12 N12  N12, N13  N13 N13  N13, N14  N14 N14  N14), (N15 N15 N15  N15, N16  N16 N16  N16) A317T  A317T A317T  A317T  A317T  A317T A317T  A317T  A317T  A317T A317T  A317T  E321G  E321G E321G  E321G  E321G  E321G E321G  E321G  E321G  E321G E321G  E321G   Selected  forward  mutation *   D339G  D339G D339G  D339G  D399A  D399A D399A  D399A  D553N  D553N D553N  D553N  A317T  A317T A317T  A317T  S460A  S460A S460A  S460A  Y558H  Y558H Y558H  Y558H * These mutants were selected using the MVMi strain with single site-directed mutations. Table 2 Functionally Important Residues a) Hemagglutinating properties of CPV-like parvoviruses [27, 53] Virus 323 375 377 pHindependent "CPV-like" "roadmap" [58] . Figure 3 The MVMi capsid. Depth-cued representation of a whole MVMi particle.
The chain direction of nucleotides in strands
The particle surface shading is based on distance from the viral center, with the lighter regions representing residues that are at the greatest radial distance, while the darkest regions show residues at the shortest radial Table 2b ). The orientation and position of (a) and (b) are shown with respect to the icosahedral triangle. The program MacInPlot [59] was used for creating this figure. shown. The program MacInPlot [59] was used for creating this figure.
